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Energy dissipationAbstract In terms of the importance of safeguarding regulators, this research was commenced
with the impartial studying of the performance of sill, experimentally, where Naga Hammadi
Barrage was taken as a case study. An experimental work was carried out in Hydraulic Research
Institutions, Egypt. Different discharges and different sill forms were tested. The effect of the sill
on different variables was investigated. Measurements were undertaken and analyzed. Moreover,
empirical equations were deduced and the results were discussed. Results indicated that sills,
especially with right and slopped faces at both up- and down-stream, have a great effect on the
examined variables. The results detailed some considerations concerning the tested variables
concerning the deduced equations.
 2016 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Hydraulic jump is considered as an efficient tool for energy
dissipation. Sills and baffles are provided to stilling basin to
increase the energy dissipation efficiency, as well as to stabilizethe hydraulic jump [1]. Rajaratnam [2] documented that sub-
merged hydraulic jump jet decreases mixing when the submer-
gence increases. This leads to less dissipation of energy
compared to free hydraulic jumps and the decay of the high
velocity jet. McCorquodale and Khalifa [3] explore the charac-
teristics of submerged hydraulic jump in a radial basin exper-
imentally and theoretically. El-Azizi [4] examine the
submerged hydraulic jump in a rectangular stilling basin.
The submerged hydraulic jump was investigated numerically
by Fuxima and Prinos [5] and Ma et al. [6]. The characteristics
of submerged hydraulic jump downstream abrupt expansion
were studied by Smith [7] and Ohtsu et al. [8]. Flokstra pre-
pared a numerical model for submerged vanes [9]. Ali and
Mohamed [10] studied the effect of different shapes of stilling
basin on characteristics of submerged hydraulic jump. Theammadi
Nomenclature
C intercept of Eq. (3)
E1 energy at y1
E2 energy at end of the basin
EL energy loss (E1  E2)
Fr Froude number (v/(gy1)^0.5)
G gate opening
ho relative height of sill (ratio between sill height and
drop height under gate, i.e. hs/hg)
Lj length of submerged jump
Lo relative length of reverse flow (ratio between re-
verse length downstream sill Lr and stilling basin
length L)
Ls distance from gate to sill
S submergence ratio (ratio between backup water
depth and supercritical flow depth, i.e., y3/y1)
X1 to 6 statistical coefficients
y1 super critical flow depth
v1 velocity at y1
Cc contraction coefficient
D50 median size of movable bed
a angle shown in Fig. 1
h1, h2 upstream and downstream angles of sill
/ sill shape indicator
2 Y.A. Moussa et al.effect of baffle walls and blocks on submerged jump character-
istics was studied by Habibzadeh et al. [11]. Sill and baffle
blocks over stilling basin were investigated [12–14]. Flow in a
stilling basin was investigated [15–18]. Hassan and Narayanan
[19] investigated the local scour depth downstream hydraulic
structures. The local scour depth downstream abrupt expand-
ing stilling basins was studied by El-Gamel [20]. The effect of
sill on local scour depth downstream expanding stilling basin
was examined by Tiwari et al. [21]. The scour characteristics
downstream of block ramps were studied by Pagliara and
Palermo [22]. The ministry of water resources and irrigation
in Egypt, has a plan to establish new barrages along Nile
River, to overcome the increase in head difference upon the
gates of these hydraulic structures. The present research aims
to investigate experimentally the sill performance over a rigid
bed of Naga Hammadi Barrage. Moreover, the reverse flow
downstream sill and the velocity gradient at the end of stilling
basin were used to explain the scour formed downstream
hydraulic structure.
2. Experimental work
The experiments were conducted using a re-circulating flume
with width of 1.0 m, length of 26.0 m and depth of 1.2. The
side walls of the open channel are made of glass. The tail water
depth is controlled by a tailgate. The physical model was con-
structed with a scale of 1:21 to simulate one vent of Naga
Hammadi regulator. Different models of sills over stilling
basins were experimentally tested as shown in Table 1 and
Fig. 1. The sill under radial gate has constant height of 9 cm.Table 1 Different experimental models.
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Barrage), Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.09.005For each model, six different flow conditions and six different
tail-water depths were tested, Table 2. The discharge was chan-
ged from 40 to 190 l/s, to cover the different submergence
ratios (S). Froude numbers have a range from 1.3 to 7.9. An
ultrasonic flowmeter was used for measuring discharge. The
specifications of the ultrasonic flowmeter are as follows: Type
is 1010P/WP, Flow Velocity Range is ±12.2 m/s, and Flow
Sensitivity is 0.015 m/s even at zero flow. An electromagnetic
current-meter was used to measure the velocity at the end of
stilling basin. This current-meter is a well known as pipe
flowmeter employing Faraday’s Induction Law for velocity
measurements of a conductive liquid moving through a mag-
netic field. Its accuracy is ±0.01 m/s ±1% of value measured.
Velocity was measured at a fixed distance of 1.5 cm from the
bed, to represent the near bed velocity. Moreover, the electro-
magnetic current-meter was used to have the position of the
end of submerged hydraulic jump. It traced the positive and
negative velocities on the top water surface layer; distance
from zero velocity point to radial gate is the length of hydrau-
lic jump. During the experimental models, a reverse flow
downstream sill was observed. The length of reverse flow
behind sill was determined using the electromagnetic current-
meter. The contraction coefficient under radial gate was calcu-
lated using Eq. (1) as reported by Henderson [23], as follows:Cc ¼ 1 0:75aþ 0:36a2 ð1Þwhere Cc is the contraction coefficient and a is the angle shown
in Fig. 1. The super critical flow depth y1 = G Cc, (G is the
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Figure 1 Definition sketch of the experimental model.
Table 2 Experiments of models I and II.
Test no. Discharge Q Gate opening G y3 yt Lj Lr Ds
l/s cm cm Cm cm cm cm
I-1 40 2.7 27 41 185 0 0
I-2 40 3 32 44 197 0 0
I-3 40 3.3 35 48 206 0 0
I-4 40 3.6 39 51 227 0 0
I-5 40 3.9 42 54 244 0 0
I-6 40 4.2 46 57 258 0 0
I-7 70 4.4 27 41 185 0 0
I-8 70 4.7 31 44 203 0 0
I-9 70 5.2 36 48 222 0 1.8
I-10 70 5.6 40 51 240 0 2.8
I-11 70 6.1 42 54 251 0 4.1
I-12 70 6.6 47 57 264 0 3.8
I-13 100 6.1 25 41 190 0 5.4
I-14 100 6.4 29 44 202 0 4.7
I-15 100 6.7 33 48 219 0 4.8
I-16 100 7.6 38 51 230 0 4
I-17 100 8.2 42 54 246 0 4.3
I-18 100 9.1 45 57 260 0 3.7
I-19 130 8.3 24 41 201 0 5.9
I-20 130 8.7 29 44 215 0 5.8
I-21 130 9.4 32 48 227 0 6.2
I-22 130 10.2 37 51 245 0 6.1
I-23 130 11.1 40 54 264 0 4.9
I-24 130 12.1 44 57 277 0 4.2
I-25 160 10.1 22 41 193 0 6.9
I-26 160 10.9 28 44 210 0 7.1
I-27 160 11.5 33 48 225 0 6.4
I-28 160 12.5 37 51 238 0 6.1
I-29 160 13.3 41 54 258 0 5.7
I-30 160 14.8 45 57 270 0 5.6
I-31 190 11.8 20 41 188 0 10.2
I-32 190 12.9 26 44 205 0 9.3
I-33 190 14.2 32 48 215 0 9.1
I-34 190 14.9 37 51 230 0 7.1
I-35 190 16.2 41 54 242 0 9.1
I-36 190 16.7 45 57 257 0 7.2
II-1 40 2.7 30 41 1.77 65 0
II-2 40 3 34 44 1.88 75 0
II-3 40 3.3 38 48 2.12 97 0
II-4 40 3.6 42 51 2.2 108 0
(continued on next page)
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Table 2 (continued)
Test no. Discharge Q Gate opening G y3 yt Lj Lr Ds
l/s cm cm Cm cm cm cm
II-5 40 3.9 44 54 2.26 125 0
II-6 40 4.2 47 57 2.32 130 0
II-7 70 4.6 30 41 1.81 75 0
II-8 70 4.9 34 44 2 94 0
II-9 70 5.3 38 48 2.17 112 0
II-10 70 5.6 42 51 2.33 128 0
II-11 70 6 44 54 2.43 132 0
II-12 70 6.5 48 57 2.58 146 0
II-13 100 6.1 30 41 1.78 75 0
II-14 100 6.6 34 44 1.89 90 0
II-15 100 7.1 38 48 1.98 105 0
II-16 100 7.6 41 51 2.07 120 0
II-17 100 8.5 44 54 2.22 133 0
II-18 100 9.3 48 57 2.28 145 0
II-19 130 8.8 30 41 1.68 50 0
II-20 130 9.3 34 44 1.81 63 0
II-21 130 10.2 38 48 1.92 75 0
II-22 130 11.2 42 51 2.05 92 0
II-23 130 12.2 44 54 2.15 102 0
II-24 130 13.3 47 57 2.26 110 0
II-25 160 10.4 30 41 1.42 9 5.6
II-26 160 11.3 34 44 1.53 17 4.3
II-27 160 12.2 38 48 1.65 30 4.1
II-28 160 13.1 42 51 1.78 45 3.7
II-29 160 14.2 44 54 1.85 55 2.8
II-30 160 15.9 47 57 1.97 68 2.7
II-31 190 12.3 30 41 1.41 0 9.1
II-32 190 13.3 34 44 1.48 0 10.1
II-33 190 14.7 38 48 1.55 0 8.6
II-34 190 15.7 42 51 1.65 0 7.7
II-35 190 17.3 44 54 1.68 0 4.7
II-36 190 18.8 47 57 1.77 0 6.1
4 Y.A. Moussa et al.The rigid bed was followed by a 4 m long movable bed cov-
ered by rip rap with D50 = 1.5 cm. The maximum local scour
depth was measured using a point gauge with accuracy
±0.1 mm. After preliminary tests, the time duration for each
experiment was taken as 8 h at which more than 90% of max-
imum scour depth is achieved.
3. Dimensional analysis
The dimensional analysis was used to correlate the dependent
parameters with the independent variables as follows:
EL=E1; Lj=y1; DS=D50 and Lo ¼ fðLs=L; ho; /; Fr; SÞ ð2Þ
in which EL is the difference between energy at the begin-
ning of submerged hydraulic jump (E1) and energy at the
end of stilling basin E2; Lj is the length of submerged hydraulic
jump; y1 is the supercritical flow depth; Ds is the maximum
local scour depth; D50 is the median size of movable bed; Lo
is the relative length of reverse flow (ratio between reverse
length downstream sill Lr and length of stilling basin L); ho
is the relative height of sill over stilling basin (ratio between sill
height hs and drop height under gate hg); Ls is the distance
from sill to gate; / is the sill shape indicator; Fr is Froude num-
ber (v1/(gy1)^0.5); and S is the submergence ratio (ratio
between backup water depth y3 and supercritical flow depth
y1, i.e., y3/y1).Please cite this article in press as: Moussa YA et al., Performance of sills over apro
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The performance of sill over stilling basin of Naga Hammadi
barrage on the River Nile, Egypt, was clarified using the anal-
ysis and discussions of the present experimental results. The
effect of sill positions, heights, configuration, Froude number,
and submergence ratios, on length of submerged hydraulic
jump, energy dissipation, reverse flow length behind the sill
and local scour depth downstream hydraulic structure was
investigated. For typical cases, the relative energy loss (EL/
E1), and relative length of submerged hydraulic jump (Lj/y1)
are plotted versus Froude number (Fr) for different submer-
gence ratios (S = y3/y1) (Model I, No-sill case), as shown in
Figs. 2 and 3 respectively. It was observed that, EL/E1and
Lj/y1increase as Fr increases for all experimental models and
different submerged ratios (S). The same observations were
obtained for the other tested models (Models II, III, IV, V,
VI and VII). The increase in Froude number generates more
turbulence, and longer length for jet mixing and that enhance
to increase the length and energy of hydraulic jump. In addi-
tion, as the submergence ratio (S) increases the relative energy
loss (EL/E1) decreases and the mixing of wall jet decreases.
Moreover, by increasing (S) for the same (Fr), the backup
water depth (y3) increases and that leads to length of sub-
merged wall jet downstream radial gate to have longer length
of submerged hydraulic jump. The effect of different submer-ns under the eﬀect of submerged hydraulic jump, (case study: Naga Hammadi
Figure 5 Relationship between Lo and Fr for Model II
(ho = 0.33) and different S.
Figure 2 Relationship between EL/E1 and Fr for Model I (No-
sill case), and different S.
Figure 3 Relationship between Lj/y1and Fr for Model I (No-sill
case), and different S.
Performance of sills over aprons 5gence ratios on the position of maximum scour depth (x/y1) is
presented in Fig. 4. In which, for a certain value of Froude
number, lower values of (S), produce smaller tail water depth
and high velocities along and after stilling basin will be gener-
ated leading to increase in the ratio of x/y1. Fig. 5 shows the
relationship between relative length of reverse flow (Lo) down-
stream sill and (Fr) for a typical case of Model II with
ho = 0.33. It was clarified that relative length of reverse flow
(Lo) increases by increasing submergence ratio (S) and decreas-
ing initial Froude number (Fr).Figure 4 Relationship between x/y1 and Fr for Model I (No-sill
case), and different S.
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The relative heights of sill, ho = (hs/hg), 0, 0.33, 0.5 and 1.0 are
shown through the following Models I, II, III, and IV, respec-
tively (as shown in Table 1). For these models, sill was placed
at Ls/L= 0.8. It was found that, as sill height increases the rel-
ative energy loss (EL/E1) increases and the relative length of
submerged hydraulic jump (Lj/y1) decreases, as shown in
Figs. 6 and 7, respectively. The sill over stilling basin is consid-
ered a constriction to flow direction. As a result, an opposite
force to the wall jet downstream radial gate was generated
and as the sill height increases more damping to the flowFigure 6 Relationship between EL/E1 and Fr for different ho.
Figure 7 Relationship between Lj/y1and Fr for different ho.
ns under the eﬀect of submerged hydraulic jump, (case study: Naga Hammadi
Figure 10 Velocity gradient v/y versus Fr for different ho.
6 Y.A. Moussa et al.velocities will be produced, so shorter length and higher energy
dissipation for the submerged jump will be generated. The
energy dissipation (EL/E1) was increased by 30%, 21% and
12% for (ho) = 1.0, 0.5 and 0.33, respectively compared to
the no sill case. On the other hand the relative length of sub-
merged hydraulic jump (Lj/y1) was decreased by 58%, 48%,
and 41% for ho = 1.0, 0.50 and 0.33, respectively compared
to the no-sill case. It is clear that, the reverse flow is formed
only in the case of sill over rigid bed. The relative length of
reverse flow (Lo) increases as the height of sill increases, as
shown in Fig. 8, due to the increase in dead zone downstream
sill. The effect of sill height over stilling basin on the local
scour depth, for average submergence ratio S= 4, is shown
in Fig. 9. The relative local scour depth (Ds/D50) was decreased
by 43%, 24% and 10% for ho = 1.0, 0.5 and 0.33, respectively
compared to the case of no sill. It can be noticed from the last
figure that, as the relative sill height increases (ho) the relative
local scour depth (Ds/D50) decreases and vice versa. Fig. 10
explains the last results. It presents the relationship between
velocity gradient at the end of stilling basin and Froude num-
ber for the different (ho). It was found that, the small height of
sill leads to generate higher velocity gradient at the end of still-
ing basin. In addition for larger heights of sills, the absolute
velocity gradient is smaller compared to the lesser ones.
4.2. Sill configuration
The effect of sill arrangements over stilling basin on flow char-
acteristics is investigated at Ls/L= 0.8 and ho = 1.0. Table 1Figure 8 Relationship between Lo and Fr for different ho.
Figure 9 Relationship between Ds/D50 and Fr for different ho.
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Models IV and VI. For Model IV the sill has right rectangular
face in the upstream and slopped shape (1H:1V), in down-
stream face. For Model VI the sill has sloped shape at the
upstream face and right rectangular shape in the downstream
face. The energy dissipation (EL/E1) against Froude number
(Fr) for both Models IV and VI is presented in Fig. 11. This
figure shows two average submergence ratios (S= 4 and 5),
in addition to the no-sill cases. It was found that, Models IV
and VI over stilling basin produce more energy dissipations
compared to the no-sill case as clarified in Section 4.1. Model
IV produces higher energy dissipation compared to Model VI
for submergence ratios, (S= 4 and 5). The energy dissipation
for Model IV is 30% and 61% for average submergence ratios
S= 4, and 5 respectively, while these ratios for Model VI are
7% and 20% for S= 4 and S= 5 respectively. The relative
length of submerged jump is shorter for all sill configurations
compared to the no-sill case, see Fig. 12. It was found also
that, Model IV produces shorter length for submerged jump
compared to Model VI. The relative length of submerged
hydraulic jump for Model IV is reduced by 58% and 45%
for average submergence ratios S= 4, and 5 respectively,
while for Model VI, the length of submerged hydraulic jump
is reduced by 30% and 13% for S= 4, and S= 5 respectively.
The last observations prove that the right face upstream of sill
is better than the slope face in the upstream. This configuration
of sill has the ability to more damp and control the velocity jet
behind radial gat, leading to produce shorter length of sub-Figure 11 Relationship between EL/E1 and Fr for different sill
arrangements.
ns under the eﬀect of submerged hydraulic jump, (case study: Naga Hammadi
Figure 12 Relationship between Lj/y1and Fr for different
arrangements of sill.
Figure 15 Velocity gradient v/y versus Fr for different sill
arrangements.
Performance of sills over aprons 7merged jump and gain higher dissipation of energy. The rela-
tive reverse length Lo versus Froude number (Fr) is presented
in Fig. 13. It was found that Model IV has longer lengths of
Lo compared to Model VI. Fig. 14 shows the relative scour
depth (Ds/D50), versus Froude number Fr for both Models
IV and VI in addition to the no-sill cases for average submer-
gence ratios S= 4 and 5. It was found that Model VI has
higher values of local scour depth compared to Model IV.
These results can be explained using Figs. 14 and 15, at which
the longer reverse length for Model IV has smaller absolute
values of velocity gradient at the end of rigid bed comparedFigure 13 Relationship between Lo and Fr for different sill
arrangements.
Figure 14 Relationship between Ds/D50 and Fr for different sill
arrangements.
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Barrage), Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.09.005to Model VI which has small length of reveres flow with higher
values of velocity gradient. The local scour depth was reduced
by 42% and 36% for Models IV and VI, respectively.
4.3. Sill position
There are three Models (V, VI, and VII), present the different
positions of sill over stilling basin. The relative positions of sill
Ls/L were 1.0, 0.8, and 0.6 at ho = 1.0. The effect of different
sill positions on flow characteristics is shown in Figs. 16–20. ItFigure 16 Relationship between EL/E1 and Fr for different Ls/L
with sloped sill face at the upstream.
Figure 17 Relationship between Lj/y1and Fr for different Ls/L
with sloped sill face at the upstream.
ns under the eﬀect of submerged hydraulic jump, (case study: Naga Hammadi
Figure 18 Relationship between Lo and Fr for different Ls/L
with sloped sill face at the upstream.
Figure 19 Relationship between Ds/D50 and Fr for different Ls/L
with sloped sill face at the upstream.
Figure 20 Velocity gradient v/y versus Fr for different Ls/L and
sloped sill face at the upstream.
Table 3 Coefficients of Eq. (3).
Y C X1 X2 X3 X4
EL/E1 0.025 0.11 0.008 0.051 0
Lj/y1 5.03 2.69 4.15 5.31 2
Ds/D50 5.82 0.24 0.30 3.10 0
Lo 0.11 0.02 0.03 0.017 0
8 Y.A. Moussa et al.
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mum relative energy loss, shorter length of submerged jump,
and minimum local scour depth compared to the other posi-
tions and no-sill cases, Figs. 16, 17 and 19. Moreover, as the
sill moves closer to the end of stilling basin the minimum
energy dissipation, longer length of submerged jump and max-
imum local scour depth are obtained. Fig. 18 presents Lo ver-
sus Froude number (Fr) for different Ls/L. It was observed that
as Ls/L decreases the length of reverse flow Lo decreases and
vice versa. In addition, as the reverse length increases, for
the same flow conditions, the velocity gradient at the end of
rigid bed decreases (Fig. 20), and hence, smaller values of local
scour depth are generated. The length of submerged hydraulic
jump and relative scour depth at Ls/L= 0.6 are reduced by
42% and 62% while the energy dissipation is increased by
25% compared to the no-sill case. It is clear that, as the sill
moves to be close to radial gate, the sill ability to control the
submerged wall jet propagation behind the radial gate
increased. Hence shorter length of jump, smaller values of
local scour depth and higher energy dissipation are obtained.
5. Regression analysis
Multiple linear regressions are used to correlate the dependent
parameters with other independent ones as follows:
Y ¼ Cþ X1Fr þ X2Sþ X3ho þ X4Ls=Lþ X5h1 þ X6h2 ð3Þ
where Y represents the dependent parameters as EL/E1, Lj/y1,
Ds/D50 and Lo; C, is the intercept of Eq. (3) with vertical axis;
X1 through X6 are the coefficients of the independent parame-
ters; and h1 and h2 are the upstream and downstream angles of
sill, respectively. Table 3 presents the coefficients of Eq. (3).
Fig. 21(a–d) presents the predicted values for different depen-
dent parameters versus measured data. The results of this fig-
ure and Table 3 indicate that the proposed equations express
well the measured data for EL/E1, Lj/y1, Ds/D50 and Lo.
6. Conclusion
From this study, the following conclusions could be summa-
rized as follows:
1. The sill over stilling basin has a great effect on flow charac-
teristics and could share in the long time stability for these
such huge hydraulic structures compared to the no sill case.
2. The reverse flow length downstream sill decreases as Fr and
submergence ratio increase.
3. The reverse flow length downstream sill increases as the rel-
ative sill height increases at the same Ls/L. In addition, it
increases as Ls/L decreases at the same ho.X5 X6 Standard error R
2 (%)
.009 0.023 0.016 0.03 94
.31 3.76 1.39 3.01 87
.16 0.42 0.06 0.40 89
.01 0.33 0.09 0.10 78
ns under the eﬀect of submerged hydraulic jump, (case study: Naga Hammadi
Figure 21 Predicted versus measured data for (a) EL/E1, (b) Lj/y1, (c) Ds/D50 and (d) Lo.
Performance of sills over aprons 94. The relative energy loss and relative length of submerged
hydraulic jump increase as the Froude number increases
for all experimental models and different submergence
ratios.
5. Sill with right upstream and slopped faces (1H:1V) at
downstream, increases energy dissipation by 23%, and
decreases submerged length of hydraulic jump and local
scour depth downstream stilling basin by 28% and 8%,
respectively compared to the case of slopped face upstream
sill at Ls/L= 0.8, and ho = 1.0.
6. For sill with right upstream face, the length of submerged
hydraulic jump is decreased by 59% for Ls/L= 0.8 and
ho = 1.0, and that will lead to a decrease in the stilling
basin length.
7. For sill with right upstream face, energy dissipation is
increased by 30% and relative scour depth decreased by
43% compared to the no sill case for Ls/L= 0.8 and
ho = 1.0.
8. For sill with sloped upstream face Ls/L= 0.6 and ho = 1.0,
energy dissipation is increased by 25% and relative scour
depth and relative length of jump are decreased by 62%
and 42%, respectively, compared to the no sill case.
9. The proposed equations for predicting EL/E1, Lj/y1, Ds/D50
and Lo agree well with measured data.
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